of North America. A total of about 1.5 million ha of durum is planted annually in the USA, with about 80% bonate content, salinity (especially Cl), and the amount Maps of grain Cd and soil characteristics were generated by interpolat-
in particular, requires knowledge of the spatial distribution of relevant soil factors within the scale of field operations (van Es, 1993; Cahn et al., 1994; Camberdella et al., 1994; Borges and Mallarino, 1997) . Substantial C admium is a heavy metal that is present in all soils, field scale variability in crop and soil Cd seems probable usually as a trace constituent. Soils are the main for several reasons. First, field-scale variability is comsource of Cd in plants, and plant-derived foods are the mon for many soil and crop characteristics (Trangmar main source of Cd in human diets (Wagner, 1993) . Accuet al., 1985; Webster, 1985; Warrick et al., 1986) . Second, mulation of Cd in edible crops is undesirable because our previous results (Norvell et al., 2000) showed that of potentially harmful effects on health. The concentraconcentrations of Cd in durum grain from a single field tions of Cd in food crops are subject to regulation by can vary about as widely as the range reported for the national and international agencies. If adopted, the limentire durum-producing region of the northern Great its now being considered (0.1 mg kg Ϫ1 as a guideline Plains (Chaney et al., 1996; Grant et al., 1999) . Third, level and 0.2 mg kg Ϫ1 as the maximum level) for Cd in a low density geochemical survey of soils of the northern small grains (Council of Europe, 1994; Codex AlimenGreat Plains indicated that Ͼ95% of the variability in tarius Commission, 1999) are likely to restrict the marCd t was found at distances Ͻ20 km (Garrett, 1994) . ketability of durum wheat, because this crop tends to Geostatistical methods have been widely used to docaccumulate more Cd than most other small grains (Wolument the spatial variability of soil properties (Trangnik et al., 1983; Chaney et al., 1996; Clarke et al., 1997) . mar et al., 1985; Webster, 1985; Warrick et al., 1986 ; Durum wheat is an important and valuable crop in West et al., 1989; Cahn et al., 1994 ; Camberdella et al., many parts of the world, including the upper Great Plains as crop yield (Bhatti et al., 1991; Stein et al., 1997; Tim- 
Sample Processing and Measurements
in values for several characteristics (i.e., pH, CEC, OC, and saSample processing and analyses of soil and grain were delinity) that are often reported to influence Cd uptake by plants.
scribed by Norvell et al. (2000) and are summarized here The samples were collected in midAugust of 1997, when the only briefly. All grain heads were dried and then threshed by durum cultivar Munich was close to maturity. Each sample hand. Subsamples of whole grain were digested in concenpair of grain and soil consisted of about seven heads of wheat trated HNO 3 -HClO 4 acids and analyzed by inductively-couand 1 kg of soil taken from the 0-to 15-cm depth in the upper pled argon plasma emission spectrometry (ICPES). All soil root zone of the sampled plants.
samples were air-dried and passed through a 2-mm stainless Samples of soil and grain were collected from 124 locations within a roughly rectangular area of 186 by 31 m 2 . The sample steel sieve. Soil pH in water (1:1) was determined by glass elecsites were unevenly distributed along several traverses across trode. Elements extracted by diethylenetriaminepentaacetic this area (Fig. 1) . A more regular distribution of sites was imacid (DTPA) were determined according to the method of practical, because several areas of the field did not contain ade- Lindsay and Norvell (1978) , except that a 1:3 soil/solution ratio quate crop to permit collection of grain. IA, 1996) , ter soluble Cl and SO 4 -S (extraction of 5 g of soil with 20 mL which continuously tracks signals from up to five NAVSTAR for 1 h) were determined by ion chromatography (DIONEX satellites. Experience with this GPS unit suggests an overall unIon Chromatograph, Dionex Corp., Sunnyvale, CA). Soil CEC certainty in coordinates of about 2 to 3 m, but with a lower unand OC contents were measured according to the methods of certainty of about 1 m among nearby sites measured at close Chapman (1965) compared with those among the data for the original 124 sites
Geostatistical Analysis
from which the maps were derived. For the regressions, we Spatial variability was evaluated with the aide of semivarioassigned the soil maps as the source of explanatory (regressor) grams, which were constructed and evaluated according to variables and the Cd g map as the source of the dependent standard geostatistical methods (Journel and Huijbregts, 1978;  variable. Multiple-linear and nonlinear relations among maps Warrick et al., 1986; Goovaerts, 1997) . When possible, the were explored (Taylor, 1982; Stein et al., 1997) . Overlay analysemivariograms were fitted with a spherical model: sis between the field soil map and the Cd g map or the maps of soil variables was performed to estimate mean values of
the attributes within a map unit and quantify the differences
among map units. We used ARC/INFO to complete the map analysis (ESRI Inc., 1994) . where C 0 , C, A, and h are the nugget variance, structural variance, range, and lag distance (see idealized curve for the spherical model in the upper left panel of Fig. 2 ).
RESULTS AND DISCUSSION
Fitted models for the semivariograms were used as the basis
Statistical Characterization of Data
for kriging of variables meeting the assumption of second-order stationarity, i.e., the spatial covariance was finite and a funcThe data set used for spatial analysis in this study was tion only of the lag distance between pairs of observations. For described in greater detail by Norvell et al. (2000) . Their these variables, we performed block kriging with a block size results are summarized in Table 1 , and described briefly USA and Canada (Garrett, 1994) . Concentrations of as Journel and Huijbregts (1978) , Warrick et al. (1986 ), or Goovaerts (1997 variables, using the interpolated values for each 1-m 2 cell (n ϭ 5766). These relationships among mapped variables may be
The variable but relatively high salinity of the area studied is shown by the large range and high concentraables, we were able to fit at least a portion of the experimental semivariogram with the spherical model (Eq. tions of Na, S, and Cl. The coefficients of variation (CV%) ranged from 70% for Na to 130% for Cl. The
[1]), using the parameters listed in Table 2 . The semivariograms of Cd g and the natural logarithm range of soil Cl was extremely large, from a low of 2 mg kg Ϫ1 to a high of 1700 mg kg
Ϫ1
. The concentration of Cl of water-soluble Cl (LnCl) were very similar. Starting with a nugget variance of Ͻ0.1, the ␥ gradually increased was the only attribute with large skewness and kurtosis, showing that the distribution of this characteristic was as h increased up to about 45 m, and then became relatively constant from 45 to 90 m. This sill is presumably far from normal. The large positive skewness for Cl reflects asymmetry in the distribution caused largely by a reflection of a small scale spatial relationship for these variables. Beyond h ϭ 90 m, however, there was a sharp a number of very high values. A natural logarithmic (Ln) transformation was applied to the data for Cl, Na, increase in ␥, indicating larger differences between locations and the likely presence of other spatial relationand S. This was done in part because Norvell et al. (2000) showed that the logarithmically transformed conships. The variograms for Cd g and LnCl show similarities to those of the natural log of DTPA-extractable Na centrations of Cl, Na, and S were more closely related to Cd g in this field than were their nontransformed con-(LnNa) or the natural log of water-extractable SO 4 -S (LnS) at h Ͻ 45 m, but their spatial dependencies becentrations. Another benefit of transformation is that distortion of the semivariance and other computed stacome increasingly dissimilar at longer lag distances. None of the variograms for Cd g , LnCl, LnNa, or LnS tistics by extreme values is reduced (Journel and Huijbregts, 1978; Goovaerts, 1997) . After transformation, were bounded by a constant sill, when the entire range of data was considered. For Cd g and LnCl, the stationarity the skewness and kurtosis of Cl were greatly reduced, providing a more normally distributed population, but assumption was generally satisfied within separation distransformation did not improve the normality of the tances of about 90 m, and the variograms were fitted distribution of Na or S. to the spherical model (Table 2) . For LnNa and LnS, we attempted to improve the shape of the semivariogram by removing general trend. The original data were modeled
Semivariogram Analysis
by Eq.
[2], yielding the surfaces described by the fitted Semivariograms were prepared for all nine variables coefficients in Table 3 . About 33% of the variability for (Fig. 2) . For the first lag distance, with an average sepaLnNa and 24% for LnS were modeled by these simple rating distance of 3.7 m, the semivariances were calculinear surfaces. After removal of the trend, the residual lated from 65 pairs of samples. For the rest of the lags, (detrended) values were used to recalculate the semivathe semivariances were obtained from more than 100 pairs of samples. The semivariograms were limited to (Journel and Huijbregts, 1978) , which permits geostatis- § Parameters were derived from the semivariogram of detrended data (see text).
tical inferences within this range. Thus, for most vari- riances. This process significantly improved the semivaDakota. Our results, at an entirely different scale of study, suggest that substantial variability exists also in the range riogram for LnNa, but the improvement for LnS was only slight (Fig. 2) . Both of the detrended variograms of meters as well as in kilometers. The spatial variability of Cd t in areas of contaminated soils is less pertinent to were fitted to a spherical curve (parameters listed in Table 2 ) out to 90 m, as was done for Cd g and LnCl.
our work, but is reported to be highly complex, as might be expected from anthropogenic disturbances (Atteia The variograms for Cd dtpa and Cd t were generally convex. The semivariogram of Cd dtpa had a very small nugget et al., 1994; Boekhold and van der Zee, 1992) . Although data for Cd are limited, evidence is readily variance, followed by a rise to a maximum at about 90 m. The variogram for Cd t had a larger nugget variance, but available for the spatial dependency of other soil and crop properties at the scale of agricultural field operaa similar trend (one site with a relatively large value for Cd t was excluded, because it significantly distorted tions (Trangmar et al., 1985; Warrick et al., 1986; West et al., 1989) . Several of the characteristics that we measemivariances at small lag distances). Neither semivariogram displayed a consistent sill nor satisfied the stasured have been described specifically in other studies of spatial variability. For example, Cahn et al. (1994) tionarity assumption. General trend was modeled with Eq.
[2], obtaining the fitted parameters of Table 3 , which reported that after removal of trend the residual data for OC were characterized by a range of about 20 m in accommodated 78.4% and 46.9% of the variability in Cd dtpa and Cd t , respectively. The detrended variograms a 0.25-ha area in central Illinois. Cambardella et al. (1994) found that pH and OC were strongly correlated for Cd dtpa and Cd t were fitted by the spherical model using range distances of 32 and 30 m, respectively, and with range distances of 104 and 117 m, respectively, in central Iowa. The spatial dependencies of salinitythe nugget and structural variances given in Table 2 .
The variogram of OC increased almost linearly with related characteristics have been described in some detail; e.g., Gallichand et al. (1992) determined a range lag distance (Fig. 2) , suggesting a linear trend that was modeled by Eq. [2] using the coefficients in Table 3 . distance of 120 m for Na adsorption ratio and 90 m for electrical conductivity in a saline area of about 2 ha in After removal of this trend, the semivariogram shows a reasonable spherical structure with a range of about southern Alberta. Spatial variability in crop characteristics and crop responses to soil characteristics are com-55 m (Detrended OC of Fig. 2) .
The semivariogram of CEC increased steadily as h mon also. For example, Borges and Mallarino (1997) showed that the spatial variability of plant P and K upincreased to about 40 m, but then fluctuated in a periodic pattern. Periodic patterns are often caused by a succestake in no-till corn and soybean were both site specific and direction specific. Bhatti et al. (1991) found soil sion of areas with high and low values (the hole effect, Journel and Huijbregts, 1978) , which may reflect natural properties and wheat yield had strong spatial dependency with range distances from 70 to 145 m. The studies periodicity or other causes (Trangmar et al., 1985; Borges and Mallarino, 1997) . No corrections for periodicity were mentioned above, as well as our own results, show clearly the existence of important and interpretable spatial variused in modeling the semivariogram for CEC (Table 2 , Fig. 2 ), because the simple spherical model provided a ability in numerous characteristics of soils or crops at reasonable fit, especially at short-range lag distances the scale of agricultural field operations. which dominated the interpolation process based on the 16 closest points.
Map Preparation, Comparison,
The semivariogram of pH was fairly well described and Overlay Analysis throughout the range of the data by the spherical model.
The distributions of crop and soil characteristics in The fitted curve for relative semivariance has a small the field are most easily seen when portrayed in maps. nugget variance, a large structural variance, and a range Using the fitted parameters of nugget, sill, and range of 35 m (Table 2, Fig. 2) .
(C 0 , C, and A) in Table 2 , we performed block kriging We have been unable to find other reports of the spawith a block size of 1 by 1 m 2 to obtain interpolated tial variability of Cd in crops nor of measurements of values for all nine variables across the sampled area of plant-available Cd in soil, but there have been a few 5766 m 2 (i.e., 186 by 31 m 2 ). For Cd dtpa , Cd t , LnNa, LnS studies of Cd t . In uncontaminated agricultural soils, Garand OC, the kriging was performed on the detrended rett (1994) found that almost all of the variability in Cd t data, after which the trend surfaces (described by Eq. in prairie soils was at separation distances of Ͻ20 km.
[2] and Table 3 ) were added to their kriged values to His work covered 850 000 km 2 of Canada and an adjoining strip of the northern USA including northern North yield the final interpolated values. Maps (Fig. 3) based on the final interpolated values were prepared with they are unlike distributions for other characteristics. The map for soil pH does not resemble that for any ARC/INFO (ESRI Inc., 1994) . Figure 3 shows clearly that the nine characteristics of other characteristic. In general, the nonsaline Svea soil was characterized grain or soil were not distributed in a random manner across the field. Most variables showed a pronounced by relatively low values for all variables, except for pH. Figure 1 shows that the boundary between the Svea and tendency for local clustering of similar values, with gradual changes from areas of low to high values. Grain colthe more poorly drained soils to the west occurs at about 40 m from the eastern boundary. Many grain and soil lected from the Svea soil at the eastern end of the sampled area was generally low in Cd g , while samples from characteristics became more dissimilar at, or near, this boundary, which is reflected in the range distances of 30 the Hamerly or Miranda soils (Fig. 1) were typically much higher. Two areas contained grain with Cd g of alto 55 m for the nine modeled characteristics. Spatial correlation in soil characteristics is often limited by changes most 0.3 mg kg
Ϫ1
. One was located in the Hamerly map unit, and the other was found in a transitional area associated with soil boundaries (Trangmar et al., 1985; Webster, 1985) . In our data, the range distances for Cd g , between Hamerly and Miranda units. The map for LnCl shows that the distribution of this characteristic was very LnCl, LnS, and LnNa were particularly close to limits set by the Svea-Hamerly boundary, which also sepasimilar to that of Cd g . Maps for LnS and LnNa were also similar, showing visually the strong association of rated the saline and nonsaline areas of the field. Quantitative measures of association among the maps Cd g with all of the salinity-related characteristics. The maps for Cd dtpa and Cd t are similar in some respects to were obtained by correlation and regression using the interpolated values for each 1-m 2 cell. The correlation cothose for Cd g and the variables related to salinity, but the correspondence is clearly less close. The distributions of efficient between the maps for Cd g and LnCl was 0.923 (Table 4 ). The correlations with the maps for LnNa and CEC and OC are reasonably close to each other, but The distribution of Cd g and the eight soil characterisalso, reflecting the close association of these soil charactics can be compared with the distribution of mapped teristics (data not shown). Correlations among maps for soil series by overlaying the field soil map ( Fig. 1) with LnNa, LnCl, and LnS were all very high with the r of the interpolated maps for these attributes (Fig. 3) . A 0.973 between LnNa and LnS being the highest in the comparison of the means of variables mapped within Table. It is interesting to note that all of the above each soil series shows that differences among these secorrelations among mapped variables exceed the correries were significant for most variables (Table 5) . Howlations among the original variables (Norvell et al., ever, the mapped characteristics differed less, in general, 2000). This increase in correlation arises because simibetween the two more poorly drained soils (Miranda larities in the spatial dependencies of these variables and Hamerly) than between either of these soils and enhance the associations among their interpolated valthe better drained soil (Svea). Differences in Cd g and ues. Conversely, the correlations between the mapped salinity were the most striking. For example, Cd g from values of pH and those for Cd g or Cd dtpa are lower than the Svea was only about 1/3 of that from the Miranda for the original data, because dissimilarities in their spaor Hamerly. Differences in soil Cl, Na, or S among the tial dependencies diminish the degree of association in soils were also large and significant. Concentrations of their interpolated values.
Cd dtpa and Cd t were lower in the Svea than in the other Multiple linear regression among maps showed that two map units, but the relative differences were less the best prediction of the Cd g map was obtained from than for Cd g , Cl, Na, or S. Similarly, Li et al. (1994) rethe maps for LnCl and Cd dtpa .
ported relatively large differences in Cd in soil and sunflower (Helianthus annuus L.) seeds among soil seCd g ϭ Ϫ0.05 ϩ (0.47 ϫ Cd dtpa ) ϩ (0.042 ϫ LnCl) ries, and also within soil series at locations which dif-(R 2 ϭ 0.858) [3] fered in Cl.
The uptake and accumulation of Cd by crops is known This relation among the mapped variables is not surto be affected by agronomic management (Grant et al., prising in the sense that the same variables provided 1999). These activities include crop selection, crop rotathe best predictions of Cd g when the original data set was tion, fertilization with macronutrients or micronutrients analyzed (Norvell et al., 2000) . However, the increase, (particularly Zn), liming to adjust soil acidity, irrigation, mentioned above, in correlations among the mapped and tillage. In the case of the field which we studied, values has two effects on this regression. First, the oversalinity management or alternative crop selection might all R 2 of 0.86 for Eq. [3] is higher than the R 2 of 0.66 well be the most useful options to minimize or avoid the for the corresponding regression using the original data.
accumulation of Cd in durum grain. Our results show also Second, the importance of LnCl in the mapped data is that different parts of a field may differ quite widely in increased relative to Cd dtpa to the extent that the inclutheir need for alternative management practices. Most sion of Cd dtpa improves the regression only slightly. As a result, a simple linear regression using only the map for of the differences in crop and soil characteristics in this 
